Federal Highway Network in Mexico has 7,230 bridges. More than two third parts were built in the period of 1960 to 1970 without considering in their design seismic loads or using design spectra with small amplitudes. The use of Fiber Reinforced Polymers (FRP) is a plausible alternative for retrofitting columns that have suffered some type of damage during a seismic event. In this paper, models of confinement with purpose of application in repairing damage of circular columns of bridges are analyzed. When evaluating different expressions for the confinement thickness of FRP in columns, a great dispersion exists. Each author of the revised models endorses analytically and experimentally its results, but for practical applications it is difficult to determine the appropriate model to be used.
Introduction
There is no doubt that the infrastructure, particularly for transportation, constitutes an essential element for economic growth, competitiveness and social integration of a country. In Mexico, the free toll Federal Highway Network has a longitude of 45,405.7 km with 7,230 bridges of which more than two third parts were built in the period of 1960 to 1970. In case of strong seismic event, it is necessary to carry out a prompt bridge repairs with the aim of guaranteeing the correct operation of the highway network. At present, it is well-known the effectiveness of the casing of concrete elements with Fiber Reinforced Polymers (FRP) as a seismic reinforcement alternative. However, its applicability for retrofitting bridge damaged columns after a seismic occurrence is currently under study in several parts of the world.
Currently bridge design recommendations suggest the use of the "non-collapse" criteria for the design earthquake. A non-linear bridge response is allowed, conducting to a great deal of damage, including cracking and detachment of the concrete, yielding of the steel reinforcement, and the possibility of rupture of the reinforcement bars. Therefore, after the occurrence of a seismic event a bridge column could be damaged but it would be theoretically repairable. The visual classification of the damage suffered by a column is the first step of the repair process; such classification provides the reference point for determining the condition of the column and the selection of the more appropriate repair technique.
Damage states
In the Concrete Repair Manual [ACI-440.2R Committee (2002) ] there is a procedure to perform a visual inspection of the damage and the actual states of the damage. There are five states in such document (Damage States, DS) namely: DS-1 through DS-5. Damage state DS-1 corresponds to very slight damage with minimum cracking, characterized by the formation of cracks by bending and no visible spalling. Damage state DS-2 has slight damage and occurs when first spalling and shear cracks are visible. Damage state DS-3 is a moderate damage and is associated with extensive cracks and spalling. Damage state DS-4 is represented by a severe damage, in which the spiral and longitudinal reinforcing bars become visible and large cracks, holes and spalled areas are observed. Damage state DS-5 corresponds to very severe damage and is associated with imminent failure and cracks propagation inside the concrete core. Table 1 describes the characteristics of each aforementioned damage state as referenced in the Concrete Repair Manual [ACI, BRE (2001) ]. In general, two parameters are considered to determine the possibility for a column to be repaired: (1) the deformations of the longitudinal reinforcement and (2) the deformations of the spiral hoop reinforcing bars. Strain quantification in the reinforcing bars is important for determining possible repair methods, i.e. if the longitudinal bars reach a rupture strain, repair via FRP jackets is not appropriated. Likewise, if the spiral hoops reach the yielding strain, damage to the cover core is expected. In this case, repairing with an FRP jacket is not appropriate. Holes with a diameter of 10-50mm
Holes with diameter greater than 50mm
Detachment of the concrete cover
Slightly visible Visible
Greater than aggregate´s size
In areas greater than 150mm of cross-cut section
The strain levels in the reinforcement bars can be estimated based on the visual classifications associated with each damage state. It is expected that the longitudinal reinforcing bars yield once flexural cracks are visible, corresponding to DS-1. The longitudinal bars yield at this point because a plastic hinge is formed. Similarly, the spiral reinforcing bars would be expected to yield once the cracks in the concrete propagate into the column core, which corresponds to DS-5. Once the spiral reinforcement yields, FRP jacket repair in not effective. Table 2 shows a relationship between the levels of deformation in the reinforcement steel and the corresponding damage state; it also determines whether it is viable to perform repairs via FRP bands. 
Confinement models for circular columns
It is well known that the restraint provided by an external jacket, which restricts the transverse dilation of the column, produces some confinement and increases the strength and deformation capacity of the element. Even though a reliable and accurate model of concrete confinement is not yet fully accepted by the researcher's community. Many models of confined strength of concrete and associated strain have been proposed dating back to Richart et al. (1928) . Fardis and Khalili (1982) suggested that Richart et al. model could be directly used for FRP confined concrete. However, recent studies revealed that existing models for the axial compressive strength of steel confined concrete are unconservative and cannot be used for FRP confined concrete ]. For a circular column, the lateral confining pressure of the FRP jacket, , can be evaluated by the free-body diagram shown in Figure 1 . 
where is the thickness of the reinforcement FRP bands, is the tension stress of the FRP bands in the radial direction and is the diameter of the concrete confined section;
and are the elastic module and the unitary deformation of the FRP bands in the radial direction, respectively. Because the FRP behaves elastically up to rupture, the pressure held by the reinforcement bands is proportionally increased, in contrast with steel strands that provides a constant side confinement pressure.
In existing reinforced concrete columns with insufficient transversal reinforcement and/or poor seismic detailing, three different types of failure modes can be observed under seismic excitation namely: shear failure mechanism, plastic hinge formation and insufficient development length (Fig. 2) . The first and most critical failure mode is the shear failure, where inclined cracking, cover concrete spalling, and rupture or opening of the transverse reinforcement can lead to brittle or explosive column failures. The failure sequence consists of 5 steps, namely: (1) the development of inclined cracks once the tensile strength of the concrete is exceeded, (2) the opening of inclined or diagonal cracks in the column and onset of cover concrete spalling; (3) rupture or opening of the transverse or horizontal reinforcement; (4) buckling of the longitudinal column reinforcement, and (5) disintegration of the column concrete core.
Shear failure mechanism
Formation of plastic hinge Insufficient development length Figure 2 . Common failures in columns that occurred in 1989 during the Loma Prieta Earthquake
The purpose of the seismic repair work is to improve the seismic performance of the columns by increasing their ductility and their resistance to flexural, shear and axial stresses. An FRP jacket provides confinement increasing the bending stress capacity, the concrete's ultimate strain and providing lateral support. The jacket with FRP bands may contribute to the shear stress capacity of the column and thus inhibit this type of failure. Jacket with FRP bands in columns inhibits the failure for lack of overlapping through the application of confinement pressure on the zone where the failure may occur. It increases the confinement side force and prevents the detachment of the concrete. The failure mode for lateral buckling of the longitudinal reinforcement is considered an uncommon mode of failure as a consequence of the close stirrup spacing recommended in many design codes. In literature there are several diverse confinement models for reinforced concrete circular columns with FRP jacket. Hernandez et al. (2009) summarized expressions of 20 different types of confinement models and described the experimental tests conducted by several authors. Such models are expressed in function of stresses (Table 3) or ultimate strains (Table 4) . Mander et al. (1988) 0 5 1 254 2 2 254 1 7 94
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Where is the strength of confined concrete at failure; is the lateral confining pressure; is the strength of the unconfined concrete; is the strain corresponding to the confined strength; is the longitudinal strain of the unconfined concrete at failure, which is typically assumed to be 0.002; is the modulus of elasticity of the FRP jacket; is the Poisson´s ratio;
is the strain in the FRP jacket; is the effective modulus of elasticity of the FRP in the hoop direction; is the modulus of elasticity of the concrete; is the thickness of the FRP band and is the column diameter. Cusson and Paultre (1995) 1 70 0 21 and Gao (1997) 0 01
Simplistic analysis Miyauchi et al. (1997) 0 373 10 6 et al. (1999) ( ) 1 2 60 537 1 
Figure 4. Volumetric relationship R for different confinement models.
With the purpose of determining the model that can be employed in a fast repair work of bridge columns after an earthquake occurrence, the existing models in the literature are displayed in figure 4 . A great dispersion dispersion of the confined sgtrength were obtained for different confinement models as function of the volumetric relationship, / . All authors justify their proposed expressions by the use of experimentally and analytically models. However, Figure 4 shows the large variations among them. The International Federation for Structural Concrete [FIB (2003) ] recommends the use of confinement model proposed bySpoelstra and Monti (1999) due to its simplicity and accuracy.
ACI 440.2 R-02 Recommendations (2002)
The ACI 440. 2R-02 (2002) guideline makes use of the confinement model originally proposed by Mander et al. (1988) , derived for steel hoop reinforcement. The Mander's confinement model is slightly modified to account for the linearly elastic behavior of FRP. The confinement model predicts the confined strength of concrete, , through the following relation: 2 25 1 7 9 2 1 25
Where is the unconfined concrete strength and is the confining pressure, which is defined as follows:
is the efficiency coefficient, which depends on the column geometry. For a circular column, 1.0; is defined as the smaller value of 0.0004 or 0.75 , where is the ultimate strain in the FRP. This strain limit was chosen to avoid the aggregate interlock loss in the concrete and was determined trough pure axial tests. It is, therefore, an approximation for combined axial and bending situations induced by seismic forces. The volumetric relationship of the FRP is equal to:
Equation (3) can also be written as:
The increased axial load carrying capacity of a strengthened column can be expressed as:
Where 0.85 for spiral reinforced columns and 0.80 for tie reinforced columns; P is the nominal axial load carrying capacity, 0.75 is the strength reduction factor; 0.95 is the additional reduction coefficient for FRP wrapped columns, 1.0 is the longitudinal steel area; is the concrete total area and is the steel yield strength. The Equation (6) only considers the axial increase in strength. For retrofitting in seismic areas, ACI 440 suggests using Mander et al. (1988) model for confined strain, ,
Where is the modulus of elasticity of concrete. ACI 440 suggests that the design should be developed to have sufficient strain capacity associated to the desired displacement demands.
For each damage state, from DS-1 to DS-5, there is a deformation range for the transverse and longitudinal reinforcements ( Table 2) . Each deformation value can be associated with the axial capacity of the column through a sectional analysis of the element. The axial capacity for a certain level of deformation can be compared to the theoretical original capacity of the column prior to the damage, which can be determined using the following expression proposed by the ACI 318 (2008):
Where is the axial capacity of the column, is the reduction factor of the transverse reinforcement, which is equal to 0.75 for closed stirrups, is the net area or total area of de column section, is the confined area by the transverse reinforcement, is the yielding stress of the longitudinal steel, is the area of the longitudinal reinforcement and is the stress of the confined concrete produced by the transverse steel stirrups and can be determined with the expression of Richart et at. (1928) , which is:
where is the confinement pressure that results from the transverse reinforcement,
is the stirrups cross section area, is the yielding stress of the transverse reinforcement, is the diameter of the column that is confined by the stirrups, which is equal to the diameter of the thick section, , minus the double product of the concrete cover, , minus the double product of the stirrups diameter, . The spacing of stirrups is represented by . The loss of axial capacity for each damage state is just the calculated theoretical axial capacity with equation (8) minus the axial capacity that the column would have for the deformation level at the corresponding damage, which is obtained from a sectional analysis.
With the loss of column axial capacity for a certain damage state, the thickness of the FRP band confinement necessary to restore the initial compression capacity of the column is obtained. The confinement effect of the FRP must be added to the equation to calculate the axial capacity of the column, so that the following equation is obtained:
The effect of the longitudinal reinforcement, , is not taken into consideration because of the steel yielding at the deformations of the DS-1 damage state. Assessed the loss of axial load capacity for columns, the necessary FRP thickness can be calculated. The confinement stress of the concrete due to the FRP is determined with the following equation:
where is the initial theoretical load capacity of the column and is the axial load capacity of the element for the damage state and it is obtained from a sectional analysis of the element. The thickness of the FRP band is calculated with following equation:
where,
In order to use equation 14, it is necessary to know the value of , which can be determined for comparison purposes, with any of the confinement stress models as function of . Equation (13) can be written as follows:
Caltrans memo 20.4 recommendations (2000)
The Caltrans Memo 20-4 (2000) is specifically aimed at preventing flexure failure, and recommends the use of target confining stress, 2068 and radial dilating strain 0.004 inside the plastic hinge zone. These limiting values were determined experimentally at a corresponding displacement ductility, 6.0. For regions outside the plastic hinge zone, it is recommended to consider 1034 and 0.004. The FRP thickness can be calculated using the following equation, which was derived from equilibrium:
Where is the elastic module of FRP and a reduction safety factor of 0.90 is added. This approach is exclusively based on target confinement pressure and does not specifically account for various possible failure modes.
It is worth to mention that previous recommendations are valid for non slender columns. Hence, second order effects were neglected.
Example 1
In this section the expressions proposed by the ACI 440.2R-02 and the Caltrans Memo 20-4 (2000) 
The longitudinal reinforcement consists of 16 bars number 3, each with an area of 71 for a total area of 1135 ; stirrups with a diameter of 4.92 , an area of 19 spaced at 32 . The yield stress of the steel is of 420 . The column of this example was experimentally tested and repaired by Vossoghi and Saiidi (2008) , who used the expression of the Caltrans Memo 20-4 (2000) for repairing purposes and concluded that the design thickness of 2.03mm indeed restored the axial stress capacity of the damaged column and 87% of the column stiffness was restored.
The confinement pressure provided by the stirrups is the following:
The stress of confined concrete by the hoop steel can be calculated with one of the equations previously mentioned (Table  3) .
The effective axial load of the column, , for the deformation state at the considered damage, is obtained from a sectional analysis of the column, for each damage level of the average deformation ( Table 2 ). The deformation of the longitudinal steel for the damage state DS-4 is 0.0348 mm/m; a sectional analysis of the column [Response (2000) ] showed that the resisting load for such deformation is of 173.03 kN.
Knowing the resistance of the damaged column, the necessary FRP thickness to restore its axial load capacity is determined. First, the value of the stress is calculated and then, with the stress and deformation relationship, the confinement stress of the concrete due to the FRP is determined. Several expressions proposed by different authors can be used (Table 3 ), considering that the unconfined concrete stress is . The following expression [Karbhari (2005) ] is used for comparison purposes.
where 1.0 (circular column); is defined as the lower value of 0.0004 or 0.75 , where is the ultimate FRP deformation, 0.01266 ; i.e. 0.0004; equation (17) is applied to calculate the confinement thickness, considering 0.004. Table 5 presents the required FRP thickness for a damage state DS-4, to restore the axial column capacity obtained with the constitutive models proposed by several authors (Table 3 ). The thickness was computed with the expressions (19) and (20) (17) and (20) are in all cases different.
The results obtained with the equations suggested by the remaining authors provide more conservative values of the FRP thickness bands. Equation (20) results are in the range of 4.9 to 10.1mm, while equation (17) results are in the range of 5.4 to 11.2mm.
Considering that the expressions suggested by Mander et al. (1988) are widely recommended by most design codes, it can be deducted that the expressions proposed by other authors can be conservative, such is the case of Thériaul and Neale (2000), Wu et al. (2003) . 
Seismic Reinforcement
The approach proposed by Seible et al. (1997) and Karbhari (2005) differs from most of the aforementioned documents because it considers each failure mode separately and calculates a design thickness associated with each of the failure modes.
(i) Required thickness to prevent shear failure is calculated as follows:
where is the column shear demand based on full flexural over-strength at the potential plastic hinge region, 0.85 is the shear capacity reduction factor, is the shear capacity contribution from concrete, is the shear capacity contribution from horizontal steel reinforcement and is the shear capacity contribution from axial load.
The shear demand, , is calculated from the as built moment capacity, ; Therefore, the shear demand is expressed as:
where is the height of the column. The shear concrete contribution can be calculated with:
In this equation, 0.50 inside the plastic hinge and 3.0 outside of it, and is the effective area, which can be considered as the 80% of the column gross area. However, in damaged columns the concrete contribution should be neglected, since the loose of aggregate interlock can be presented.
The shear contribution from the steel hoop reinforcement is calculated from,
where is the area of hoop steel reinforcement and is the angle of the shear crack, which can conservatively be assumed as 45 , is the spacing between steel hoop and is the effective diameter, which is:
where, , is the overall diameter, , is the concrete cover and is the diameter of the steel hoop bar. The shear contribution from the axial load is determined by:
where is the applied axial load and is the neutral axis depth. The required thickness is applied over the shear reinforcement length, , from either column ends, where is equal to 1.5 times the diameter of the column, .
(ii) For the flexural hinge failure mode
The thickness in the flexural hinge region is calculated as follows:
where φ 0.90 is the flexural capacity reduction factor, conservatively it is assumed that f 1.5 f and ε is the ultimate concrete strain that depends on the level of confinement, and is calculated as:
where is the volumetric jacket reinforcement ratio; and ε can be obtained from:
is the neutral axis depth and Φ is the ultimate section curvature and it can be obtained from the ductility factor equation:
where Φ is the section yield curvature and is the plastic hinge length, determined from:
The thickness required for the flexural reinforcement jacket is applied over the flexural plastic hinge region, where is the primary flexural hinge region, equal to the greater value of 0.5 or /8; is the secondary flexural hinge region and is equal to the greater value of 0.5 or /8. The secondary flexural hinge region has /2 thickness.
(iii) The lap slice failure mode is prevented through applying a FRP thickness in the lap splice region of:
where is the horizontal stress provided by the existing hoop reinforcement at a strain of 10% and it is calculated with the equation (33),
and is the lateral clamping pressure, defined as,
where is the perimeter line in the column cross section along the lap-spliced bar locations, is the number of spliced bars along ;
is the area of one main column reinforcing bar, is the concrete cover to the main column reinforcement and is the diameter of the main column reinforcement bars. The lap splice reinforcement length, , must be greater than the lap length itself.
Example 2
In Seible et al. (1995) a column that is deficient in bending is reported. It had a limited development length and it was reinforced using FRP bands with a modulus of elasticity, 124.1 and ultimate stress of 1.31 ; the ultimate strain is: 1 31 0 0106 1 10 124 1 Table 6 shows the columns loads and properties. (Tables 3 and 4 ) are used. It is assumed that a ductility of 10 is required, as it is usual in reinforced concrete columns for bridges. The design basic values are shown in Table 7 . By applying the shear design procedure suggested by Seible et al. (1995) the design values of Table 8 were obtained. As it can be observed, the column does not present shear stress problems. For bending reinforcement, the FRP thickness in the zone of plastic articulation is calculated with: Table 10 shows the required thickness of the confinement obtained for a ductility capacity of 10 with the models suggested by some of the previously mentioned authors. The confinement thickness must be compared with the value defined with the ACI methodology of 12.9mm, reported on Table 9 .
It can be observed that a large dispersion exists in the results obtained for the FRP thickness by using the strain equations of different authors (table 10) Table 10 shows the percentage of the relative error, considering as the correct one, the thickness obtained with the procedure suggested by Seible et al. (1997) . Richart et al. (1928) 7.9 12 -7 Mander et al. (1988) 8.4 18 47 Cusson and Paultre (1995) 4.7 6 -53 Kono et al. (1998) 16.8 26 102 Toutanji (1999) 13.7 23 81 Saafi et al. (1999) 18.7 24 86
Lam and Youssef et al. (2007) 11.1 18 40
Conclusions
The structural retrofit and repair using Polymer Fibers (FRP, Fiber Reinforced Polymers) has increased in recent years. For the case of columns that have suffered some type of damage during an earthquake occurrence, the application of the FRP jacket technique is a rapid and efficient alternative. This study presents the possible application of different FRP jackets for repairing the seismic damage of circular columns. First, it is determined the damage state of a column according to the Repair of Concrete Structures Manual [ACI, BRE, Concrete Society and ICRI (2001)]. After the damage state has been specified, the possibility of performing its repair by means of FRP jacket is determined. When evaluating different expressions for calculation the FRP thickness of confinement, it was found that a great dispersion exists in spite of the analytical and experimental background of each author proposals. In a practical application, it is therefore difficult to determine the best model to be used.
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